Mechanical and thermodynamical properties of bulk polyethylene have been scrutinized using coarse-grained (CG) molecular dynamics simulations. Entangled but cross-link-free polymer clusters are generated by the semicrystalline lattice method for a wide range chain length of alkane modeled by CG beads, and tested under compressive and tensile stress with various temperature and strain rates. It has been found that the specific volume and volumetric thermal expansion coefficient decrease with the increase of chain length, where the specific volume is a linear function of the bond number to all bead number ratios, while the thermal expansion coefficient is a linear rational function of the ratio. Glass-transition temperature, however, does not seem to be sensitive to chain length. Yield stress under tension and compression increases with the increase of the bond number to all bead number ratio and strain rate as well as with decreasing temperature. The correlation found between chain length and these physical parameters suggests that the ratio dominates the mechanical properties of the present CG-modeled linear polymer material.
I. INTRODUCTION
Glassy polyethylene (PE) is one of the most fundamental polymer materials that have been widely applied to various fields in modern industry. The outstanding combination of physical and mechanical properties of the material attracts many materials engineers, chemists, and physicists. [1] [2] [3] Great efforts have been made for decades to clarify these properties in both theoretical and experimental studies. Hanscomb and Kaahwa 4, 5 reported the high electrical conductivity of PE terephthalate at elevated temperature. Donald et al. 6, 7 investigated strain hysteresis under tensile stress, and found that cracklike defects (crazes) appear within the apparent elastic strain; crazes bridged by fibrils are initiated with increasing load, and macroscopic fracture occurs immediately after the failure of these fibrils. 6 ,7 G'Sell et al., 8 Arruda and Boyce, 9 and Boyce et al. 10 independently provided video-recorded tension and compression tests for various amorphous polymers, showing that typical stress-strain response exhibits normal viscoelasticity under the initial loading process, followed by strain softening after yielding, and then followed by strain hardening. Recently, Melick et al. 11 revealed that cross-linking network density in polymer materials plays an important role in the mechanisms of the strain hardening. Our previous work 12 discovered that the constitutive properties of spherical polymer microsized particles vary according to their size, confirmed by the high-resolution depth-sensing nanoindentation technique equipped with a flat-punch diamond indenter. 12 Phenomenological explanations by continuum mechanics are not sufficient for the above experimental findings since the mechanisms of those phenomena originate in atomistic or molecular structures of polymers. Understanding the atomistic origins is highly required to control their mechanical and thermal properties.
Early theoretical studies have successfully revealed certain key issues, while the introduced hypotheses and simplifications limit their applicabilities. [13] [14] [15] [16] Recent developments of molecular dynamics (MD) simulation have opened the door for understanding and predicting the mechanical and physical properties of various polymer materials.
17-21 Zhang 22 studied the propagation of solitary waves in PE by all-atoms (AA) calculations. Capaldi et al. 23 investigated the mechanical behavior of the material by the united atoms (UA) method under dynamic compression. Nielsen et al. 24 calculated surface tension in PE by coarse-grained (CG) molecular model, which considerably reduces the amount of numerical computing required in the MD simulations. 25, 26 Müller-Plathe's group reported many interesting properties of different polymers (e.g., thermal conductivity, chain stiffness, and so on) by the three MD methods. [27] [28] [29] Theodoru and Fermeglia investigated the multiscale modeling for polymer systems using the three methods and Monte Carlo (MC) method. [30] [31] [32] These three types of MD models with respective empirical pair potentials give thermodynamically consistent results, [24] [25] [26] [30] [31] [32] and indeed help us to better understand the polymer materials from the atomistic level of their molecular structures.
In this work, we adopt the multiscale CG method 24 to investigate the mechanical and thermodynamical properties of bulk glassy PE, which is modeled as entangled but cross-link-free CG chains generated by the semicrystalline lattice method. 33 The CG method works satisfactorily, which has been validated by comparing with AA MD simulations. 24 In particular, the effects of molecular length on equilibrium bulk density, thermal expansion coefficient, and glass-transition temperature (T g ) are systematically calculated as a function of N cl (number of carbons in one chain) from hexane (N cl = 6) to hexactane (N cl = 600). The mechanical properties dependence on chain length and temperature as well as strain rate are investigated in detail under uniaxial tension and compression from nonane (N cl = 9) to nonactane (N cl = 900). The observed clear correlations between N cl and those material parameters suggest that the bond number to all bead number ratios determine the mechanical properties of the present CG-modeled linear polymer material.
II. COMPUTATIONAL METHODS
The bulk structure of PE can be modeled by entangled polymer chains. To generate computer simulation cluster, we use the semicrystalline lattice method, 33 which use the face-centered cubic (fcc) diamond structure as a template to carbon backbones of entangled polymers. Because of the same quadruple covalent bonds of carbons in both diamond and PE, the bond angles are similar, and thus the generated dense semicrystalline polymers are expected to be close to equilibrium state. Linear polymer molecules are generated by the random walk process on the diamond lattice without explicit bias or guidance, except for one-step-forward collision-check to avoid obvious selfcrossing. Instead, simple backtracking along the last several growth steps are used in case of both intra-and intermolecular crossing, and retry random walk until the molecule reaches the required chain length. This random walk process is found to be sufficient to achieve realistic density of linear polyethylene cluster. The generated chains of carbons are then replaced with CG beads, so that each CG bead represents the mass center of three monomers. According to Nielsen et al. 24 and Shinoda et al., 34 CG potentials are set (see Table I ) for two kinds of beads: terminal (T) bead and middle (M) ones of a molecular chain represent CH 3 -CH 2 -CH 2 -, and -CH 2 -CH 2 -CH 2 -, respectively (see Fig. 1 ). Because the bulk density, thermal expansion coefficient, and T g are obtained in the equilibrium MD simulations, these initial structures are generated in a 5 Â 5 Â 5 nm 3 cubic space with three-dimensional periodic boundary conditions that can be used to calculate the three parameters.
The total number of carbons in the cluster N All (all number of carbons in a cubic cell) is kept constant (N All = 7200), while chain length, N cl of polymer are varied from 6 to 900. The number of molecules N mol (number of chains) changes accordingly from 1200 (N cl = 6) to 8 (N cl = 900). Each generated cluster is annealed for 120 ps so that the pressure and energy of the system becomes stable, keeping both the temperature T = 500 K and the pressure P = 1 atm in the NPT ensemble controlled by Berendsen's thermostat, 35 and barostat. 36 After the annealing process, the system is cooled down to the given temperature by the same NPT process. For each cooling simulation, the bulk density, thermal expansion coefficient, and glass-transition temperature T g are calculated. In view of nonequilibrium MD simulations on uniaxial tension and compression tests, these initial structures are generated in 15 Â 15 Â 15 nm 3 cubic space to accurately calculate the mechanical properties. The total number of carbons N All in the cluster is kept constant (N All = 90,000), while chain length, N cl of 24, 34 in which T is a CH 3 -CH 2 -CH 2 -bead and M is a -CH 2 -CH 2 -CH 2 -bead.
Interaction
Form Parameters polymer are varied from 9 to 900. The number of molecules N mol changes accordingly from 10,000 (N cl = 9) to 100 (N cl = 900). After a similar annealing process (220 ps) and then keeping the structures in the NVT ensemble (200 ps), uniaxial tension and compression tests are performed to obtain stress-strain response of the models with different chain length and temperature as well as strain rate in NVT ensemble.
All the MD simulations have been achieved using LAMMPS 37 software, while the initial cluster generation and post-processing was implemented in Fortran95 computer language by the authors.
III. RESULTS AND DISCUSSION

A. Bulk density and thermal expansion coefficients
The CG potentials of PE developed by Nielsen et al. 24 have been proved to give reasonable bulk densities compared with the experimental values 38 at 303 K temperature for short alkanes like N cl 18. The potentials, however, have not been validated to date for longer chain length usually found in bulk PE. The nonbonded pair potential between M-type beads, which are not considered in Nielsen et al.'s article, 24 plays an increasing role with the increase of chain length. Here, we adopt the nonbonded potentials by Shinoda et al. 34 (see Table I ) with truncation radius r c = 15 Å , and calculate the bulk density by MD for entangled PE up to N cl = 600. The obtained bulk densities are in excellent agreement with Nielsen's results at 303 K for N cl 18, and with MC simulations 39 as well as Dee et al.'s 40 experimental results at 450 K for longer chain length in Figs. 2(a) and 2(b) (All of the differences are less than 5%.). In the latter case, Laso and Perpete 39 introduced a hyperbolic function to predict the bulk density by MC methods
where r inf (T, P) denotes the density value at infinite N cl , and a 0 (T, P) is a dimensionless constant describing the rate with which r increases with N cl at the temperature and pressure conditions of the simulation. Obviously, the difference between Eq. (1) and the present results is small (<5%) in Fig. 2(a) where r inf (450 K, 1 atm) = 0.775 g/cm 3 and a 0 (450 K, 1 atm) = 3.2 in Eq. (1). 39 Therefore, Eq. (1) can also predict the present results. To study which reason results in the relationship between r and N cl , the following relationship is obvious in our cross-link-free cluster simulation
where N bond is the number of bonds between CG beads, N bead is the number of all CG beads, and N mol is the number of chains.
Thus, the number of chain length can be written as
Submitting Eq. (3) into Eq. (1) gives 1 rð 
As shown in Eq. (5), we can find that x is a key parameter that dominates the bulk density of PE. It is interesting to find that Eq. (5) is a linear function and can be determined only using two points [see Fig. 2(c) ]. As shown in Fig. 2(d) , the r inf and a 0 with different temperature at 1 atm pressure are calculated from Eq. (5) by fitting the present bulk densities. In general, the chain length N cl > 900 is often taken as an infinite chain length. 39 It can also be found that the difference of bulk density between N cl = 600 and N inf is small (<8%) except for 500 K (12.3%) in Fig. 2(b) . Therefore, we can approximately take N cl = 600 as N inf when the accuracy of density does not need to be high. T 2 + 0.8186 are both fitted using the least squares method. The previous analysis indicates that the present CG potential and bulk structure generated by the semicrystalline lattice method works satisfactorily and can be applied to the whole range of N cl .
In this work, we have used the same bulk cubic cell and number of beads in the initial configuration but with different N cl . The less the N cl is the less the bonds and angles are in the unit cell, so the required energy to reach the same volume is smaller. That is to say, the shorter the N cl the larger the volume is at the same temperature. Although the two types of bonds (Table I) consist of different potential parameters, the difference between them is small. Therefore, the potential energy for the system will be mainly determined by the total number of bonds for the given number of CG beads.
In this study, the volumetric thermal expansion coefficient is defined as
where T is the temperature, V is the volume, derivatives are taken at constant pressure p (Here p is 1 atm.).
Submitting Eq. (5) into Eq. (6), we obtain
Because r inf and a 0 are independent of x, Eq. (7) can be further simplified to
where the parameters of A, B, and C are only dependent on the temperature. For the same temperature, these three parameters are independent of chain length. Therefore, a v can be easily obtained from Eq. (7) if the functions of r inf and a 0 are given. Figure 3 (a) plots the change of normalized volume with temperature. Figure 3(b) plots the distributions of a v with x. It can be seen that a v of N cl = 9 is 1.5 times more than that of N cl = 600. Equation (8) shows that a v is a linear rational function of x.
B. Glass-transition temperature (T g )
T g is one of the most important single descriptors of different amorphous polymers because its value determines the type of application. 23 The ability to predict T g from the chemical structure of the polymer repeat unit would be of great value in the selection and design of new materials.
Capaldi et al. 23 reported the pressure dependence of T g using the UA MD method, while the effect N cl was not focused. Here, the effect of N cl on T g are presented by specific volume versus temperature (V-T) curves in 23 and experimental results ($250 K). 42 The present values of T g with different chain length is fitted by a linear function in Fig. 4 . It can be seen that T g changes weakly with x, and it does not seem to be sensitive to chain length. Here, the T g is fitted by a linear equation T g = 268.32x + 18.9 using the least squares method. From Gee and Boyd's 43 analysis, we know that the torsional potential has some effect on the T g values. In this work, it is not considered in the present CG method, which is one of the possible reasons that the present T g is not sensitive to chain length. In addition, slow structural relaxations can still occur even below such a temperature and detectable relaxations cease altogether only at somewhat lower temperatures. 44 Signorini et al. 45 have pointed out that in the small molecule system studied by an MD simulation, the true transition temperature lies some 100 below the temperature determined from the break in the V-T curves. Therefore, the true T g is from 190 to 290 K with different N cl , which is in good agreement with the available computational and experimental data. 23, 42 C. Mechanical properties Some mechanical properties of PE under uniaxial compression have been reported using the UA MD method, 23 while the effect of N cl and temperature was not considered. In this work, we use the CG MD method to study the effect of N cl , temperature and strain rate on the stress-strain curves and Young's modulus under tension and compression.
The strain is measured in the following based on the dimensions of the periodic cubic cell:
where y is the current length of the cell, y 0 is the initial length of the cell before the commencement of deformation. Because our interest is to study the effect of temperature and N cl on the stress-strain curves under uniaxial tension and compression, the y-axial direction loading is chosen in this work (see Fig. 1 ). The pressure on each face of the simulation cell is given as the normal tensor component of the virial stress,
where V is the current volume of the periodic unit cell, m i is the mass of atom i, v i is the velocity, r ij is the displacement vector between the atoms i and j, and U ij is the potential energy between atoms i and j.
To facilitate the plot of the curves under both tension and compression, we define that compressive stress is negative and tensile stress is positive. In fact, it is often difficult to precisely define yielding due to the wide variety of stress-strain curves exhibited by real materials. 28 In this work, the yield strain will be given by observing stress-strain curves from linear elastic response to a nonlinear transition. Figure 5 plots the change of stress-strain curves with temperature. It can be seen that the curves have a softening process under tension at 100 and 200 K, while the softening does not occur at temperatures higher than 300 K. It is possible that the softening process disappears at T > T g because PE behaves like a liquid. It indicates that T g is between 200 and 300 K, which is in good agreement with our calculated T g . From the stress-strain curves, the tensile and compressive yield strains are taken 0.1 and 0.15, respectively. The absolute value of yield stress decreases with the increase of temperature. The tensile and compressive yield stress at 100 K is about 4$7 times that at 500 K. To investigate the behavior at small strain, the cell is deformed with a slow strain rate 3 Â 10 9 1/s and the stresses are taken as average values every 5000 time steps in Fig. 5(b) in which the corresponding deviations are also plotted. The tensile and compressive yield strain is about at absolute value of strain 0.15, and intrinsic strain softening then occurs at the strain 0.15$0.25 in Fig. 5(b) . When the strain is larger than 0.25, the strain hardening occurs. These phenomena can also be seen in the available experimental results. 10, 45 The process from tension to compression is very smooth, and the Young's moduli are then obtained using ds/dE as plotted in Fig. 5(b) . It can be seen that the Young's modulus at 100 K is about 10 times that at 500 K, and the Young's modulus at 300 K is 195 MPa, which is close to the experimental result (200 MPa).
As shown in Fig. 6 , the cell is deformed in the y-axis direction under uniaxial tension and compression at a constant strain rate of 3 Â 10 10 1/s. The stress increases with the increase of chain length at a given strain. To facilitate the comparison, the tensile and compressive yield strains are also taken 0.1 and À0.15, respectively. The two types of yield stress (absolute value) almost linearly increase with the increase of x. Therefore, it indicates that x plays an important role in the mechanical properties. Figure 7 plots the stress-strain curves and yield stresses with different strain rates. It can be found that the stresses and corresponding yield stresses increase with the increase of strain rate. It is interesting to find that the difference at 3 Â 10 10 and 1 Â 10 10 1/s under compression is small, while the yield stress under compression at 1 Â 10
11 is approximately 9 times 1 Â 10 10 1/s. The yield stress under tension at 1 Â 10 11 1/s is about 4.5 times that at 1 Â 10 10 1/s. This clearly indicates that the PE has obvious viscoelastic property, which can also be reflected from the experimental results. 46-48 For the same tensile or compressive strain, the larger the velocity, the shorter required time is, and the stress should then be higher based on the Ferry's theory 49 and the coupling model of Plazek and Ngai. 48, 50 To check the structure under compression and tension, Fig. 8 plots the radial distribution function g(r) of middle-middle (M-M) units of N cl = 300 under the undeformed structure, tensile strain (1.5), and compressive strain (À0.6). The first peaks for the three conditions are at 3.58, 3.56, and 3.62 Å , respectively. Obviously, the first peak for undeformed structure corresponds to the first neighbor distance in cubic diamond (3.64 Å ). The second and third peaks are at 4.88, 4.88, and 4.94 Å as well as at 6.70, 7.04, and 6.92 Å , respectively. It is clear that the slight discrepancy in location reflects the strain in the bulk PE.
IV. CONCLUSIONS
By extensive coarse-grained molecular dynamics simulations, we studied the bulk density, thermal expansion coefficient, T g , and mechanical behaviors of bulk PE under tension and compression with different N cl and temperatures. The following conclusions can be drawn:
(1) The specific volume and the thermal expansion coefficient (a v ) decrease with the increase of N cl . a v has shown to be a linear rational function of x. The calculated T g values with different N cl varied from 250 to 310 K. Finally, a formula is proposed to estimate a v as a function of chain length.
(2) The stress and corresponding compressive and tensional yield stresses decrease with the increase of temperature and the decrease of strain rate as well as chain length. The two types of yield stresses (absolute values) almost linearly increase with the increase of x. Young's modulus decreases with increasing temperature and its value at 100 K is about 10 times that of 500 K.
(3) It seems that x is the key parameter, which dominates the mechanical and physical properties of the present CG-modeled linear PE. 
